One of the primary scientific objectives of the Maritime Continent Thunderstorm Experiment was to study cloud electrification processes in tropical island convection, in particular, the coupling between ice phase precipitation and lightning production. To accomplish this goal, a C-band polarimetric radar was deployed in the Tropics (11.6ЊS, 130.8ЊE) for the first time, accompanied by a suite of lightning measurements. Using observations of the propagation-corrected horizontal reflectivity and differential reflectivity, along with specific differential phase, rain and ice masses were estimated during the entire life cycle of an electrically active tropical convective complex (known locally as Hector) over the Tiwi Islands on 28 November 1995. Hector's precipitation structure as inferred from these raw and derived radar fields was then compared in time and space to the measured surface electric field, cloud-to-ground (CG) and total lightning flash rates, and ground strike locations. During Hector's developing stage, precipitating convective cells along island sea breezes were dominated by warm rain processes. No significant electric fields or lightning were associated with this stage of Hector, despite substantial rainfall rates. Aided by gust front forcing, a cumulus merger process resulted in larger, taller, and more intense convective complexes that were dominated by mixed-phase precipitation processes. During the mature phase of Hector, lightning and the surface electric field were strongly correlated to the mixed phase ice mass and rainfall. Merged convective complexes produced 97% of the rainfall and mixed-phase ice mass and 100% of the CG lightning. As Hector dissipated, lightning activity rapidly ceased.
Introduction and motivation
Controversy still exists as to whether tropical convection can become significantly electrified to produce lightning while warm rain processes dominate storm microphysics or whether mixed-phase microphysics (involving ice in the presence of supercooled water) is required (e.g., Vonnegut 1994) . Several laboratory studies (e.g. , Takahashi 1978a; Jayaratne at al. 1983; Saunders et al. 1991 ; among others) of the noninductive charging (NIC) of graupel particles during rebounding collisions with ice crystals in the presence of supercooled cloud liquid water strongly support the latter argument. In the past, most conventional (not polarized) radar studies of tropical convection (Rutledge et al. 1992; Williams et al. 1992; Zipser and Lutz 1994; Petersen et al. 1996 Petersen et al. , 1999 have determined that suffi-ciently large reflectivities (e.g., Ն30 to 40 dBZ) must exist at temperatures below some threshold (e.g., 0Њ to Ϫ20ЊC) for a specified period of time (typically on the order of 10 min) before strong electric fields and hence lightning can occur. These results are an extension of earlier radar and lightning research accomplished at midlatitudes that revealed a strong correlation between the areal distribution (the so-called Larsen area) of moderate reflectivity (e.g., Ն30-45 dBZ) at an arbitrary height in the mixed-phase zone and lightning (e.g., Larsen and Stansbury 1974; Stansbury and Marshall 1978; Marshall and Radhakant 1978) . One possible interpretation of these observations is that graupel particles are a prerequisite for lightning, consistent with the NIC mechanism.
However, the presence of large precipitation-sized ice (i.e., D Ն 1 mm) is largely inferred from the temporal evolution of reflectivity at a given environmental temperature and cannot be conclusively determined with conventional radar. Moreover, a few anecdotal observations of warm cloud lightning have been reported (e.g., Foster 1950; Pietrowski 1960; Lane-Smith 1971) 
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A depiction of the radar and electricity/lightning instrumentation network during MCTEX. The BMRC C-pol radar is indicated by the ϩ symbol. A flat plate antenna and shuttered field mill were collocated with the radar. The maximum operating range of the flat plate antenna (field mill) was approximately 40 km (20 km) as indicated by the solid (dashed) range ring around the C-pol radar. The ALDF network was composed of four sensors located at Nguiu, Coastal Plains, Jabiru, and Douglas Daly.
and, in one case, investigated in detail with cloud photography and 3-cm radar (Moore et al. 1960 ). More recently, dual-polarimetric radar observations that provide remotely sensed information on the size, shape, orientation, and thermodynamic phase of hydrometeors have been used to differentiate between millimeter-sized raindrops and precipitation-sized ice particles (e.g., Jameson 1985; Bringi and Hendry 1990; Jameson and Johnson 1990; Doviak and Zrnić 1993) and estimate the radar reflectivity associated with both rain and ice (e.g., Golestani et al. 1989; Balakrishnan and Zrnić 1990 ; see also appendix B).
The microphysical information inferred from polarimetric radar measurements have been correlated to electrical activity in subtropical and midlatitude convection. Goodman et al. (1988) was the first to use reflectivity and differential reflectivity to infer the presence of graupel and hail aloft during a rapid increase in the total lightning flash of an isolated storm in the vicinity of Huntsville, Alabama. Recently, Jameson et al. (1996) , Ramachandran et al. (1996) , French et al. (1996) , and Bringi et al. (1997) employed polarimetric radar data to demonstrate that the onset of significant electrification in small, isolated Florida storms during the Convection and Precipitation/Electrification (CaPE) experiment was coincident with the freezing of supercooled raindrops at Ϫ7Њ to Ϫ10ЊC and the commencement of mixed-phase precipitation processes. Several multiparameter radar studies of High Plains hailstorms (Carey and Rutledge 1996; López and Aubagnac 1997; Carey and Rutledge 1998) have linked the evolution of cloud-to-ground (CG) and intracloud (IC) lightning flash rates to variations in graupel and hail production aloft.
The purpose of this study is to utilize polarimetric radar observations to further explore the hypothesis that lightning production in tropical island convection is critically linked to ice processes in the mixed-phase region via the NIC mechanism. During the Maritime Continent Thunderstorm Experiment (MCTEX; Keenan et al. 1994a) , complete life cycle observations of thunderstorms over the Tiwi Islands (Bathurst and Melville Islands, which are centered at about 11.6ЊS, 130.8ЊE; see Earlier Doppler radar and lightning studies of convection in the vicinity of Darwin, Australia (Rutledge et al. 1992; Williams et al. 1992) confirmed the copious production of lightning in these storms and demonstrated the correlation between vertical reflectivity structure and lightning production in tropical convection. We extend these results in the present study by correlating the polarimetric radar-inferred production of ice in the mixed-phase region to the surface electric field as measured by a shuttered field mill, the total lightning flash rate as estimated from a flat plate antenna, and the CG lightning flash rate and ground strike locations as measured by a network of Advanced Lightning Direction Finders (ALDFs). With these results, we hope to better understand cloud electrification and the correlation of lightning to the horizontal and vertical precipitation structure of tropical convection. In particular, we investigate the role of the NIC mechanism in the electrification of and lightning production within tropical convection. We accomplish this goal by estimating the amount of graupel aloft in the mixed-phase zone with polarimetric radar. In addition, we explore the role of drop freezing in the production of significant graupel mass. As mentioned earlier, graupel is one of three key ingredients for the separation of charge via the NIC mechanism (e.g., Takahashi 1978a) . The presence or absence of the other two key ingredients (supercooled cloud liquid water and cloud ice) are inferred indirectly from the vertical structure and temporal evolution of the precipitation field.
In section 2, an overview of radar and lightning data and analysis methods is given. More details regarding the determination of cloud electrical properties, the partitioning of reflectivity into rain and ice components using polarimetric radar data, and the estimation of ice and rain mass/rate are presented in appendixes A-D.
C A R E Y A N D R U T L E D G E
Results from polarimetric radar and electrical observations of intense tropical convection are discussed in section 3. Last, we summarize the results in section 4.
Data and analysis method
The MCTEX instrumentation network for electrification and lightning studies is depicted in Fig. 1 . The BMRC C-band polarimetric radar (C-pol, 5.33 cm; Keenan et al. 1998 ) was located in the settlement of Nguiu on Bathurst Island (11.8ЊS, 130.6ЊE) . Collocated at the radar was a flat plate antenna (e.g., Uman 1987) that measured the total lightning flash rate (total ϭ IC ϩ CG) within about 35-40 km; a shuttered field mill (Malan and Schonland 1950) for estimating the surface electric field and total lightning flash rate within 15-20 km; and an ALDF (e.g., Krider et al. 1976 ) for measuring the azimuth, signal power, polarity, and arrival time of lightning radio sources associated with cloudto-ground return strokes within 600 km. Three other ALDF stations were positioned in a triangular configuration over the northern territory of Australia (at Coastal Plains, Douglas Daly, and Jabiru), completing the ALDF network (see Fig. 1 ). Details regarding the determination of cloud electrical properties (e.g., surface electric field, total lightning flash rate, CG lightning flash rate, and ground stroke location) from the above three instruments are presented in appendix A.
On 28 November 1995, the C-pol radar collected full volumetric scans of island convection in polarimetric mode every 4-15 min. Polarimetric variables utilized in this study include horizontal reflectivity (Z h ), differential reflectivity (Z dr ), and total differential phase (⌿ dp ). These variables were carefully edited and quality controlled to remove any spurious data. Using a 13-sample (3.9 km) running mean, iterative filtering technique Hubbert and Bringi 1995) , the differential propagation phase ( dp ) and the specific differential phase (K dp ) were estimated from ⌿ dp . The horizontal reflectivity and the differential reflectivity were then corrected for propagation effects in rain using dp (Bringi et al. 1990; Ryzhkov and Zrnić 1995a) . For more details regarding polarimetric radar data editing, processing, and the correction of propagation effects at C band, see Carey et al. (2000) . In addition, the difference reflectivity (Z dp ) was calculated from attenuation corrected Z h and differential attenuation corrected Z dr according to the definition of Golestani et al. (1989) . The reader is referred to several review papers and texts for formal definitions of these polarimetric variables and their applications (e.g., Bringi and Hendry 1990; Jameson and Johnson 1990; Doviak and Zrnić 1993) . Finally, all of the processed and corrected polarimetric variables were interpolated to a Cartesian grid with 1-km horizontal and 0.5-km vertical resolution, using RE-ORDER (Mohr 1986 ). The horizontal extent of these Cartesian grids covered the entire Tiwi Islands as depicted by the dashed box in Fig. 1 . Since the beamwidth of the C-pol radar is approximately 1Њ, there could be some smoothing of the data at ranges greatly in excess of 60 km.
In this study, we compare the lightning and surface electric field data to both polarimetric radar observables and radar-derived precipitation characteristics such as the mixed-phase precipitation ice mass, the precipitation liquid water content, and the rain mass flux. As described in appendix B, a technique for partitioning the measured horizontal reflectivity into Z h (rain) and Z h (ice) components using the Z dp method (Golestani et al. 1989 ) at C band in tropical convection was developed and carefully evaluated using both C-pol and simulated radar data. As discussed in appendix C, estimates of rain mass (M w ) and ice mass (M i ) were then obtained by applying separate Z-M relationships to the partitioned reflectivities. Finally, we calculated the rain mass flux (kg s Ϫ1 ) over the Tiwi using an optimal polarimetric radar rainfall algorithm utilizing propagation corrected Z h , and Z dr and K dp . These measurands were combined in such a way as to minimize error in the estimated rain rate at each grid point caused by variations in the drop size distribution and by observational error (e.g., Jameson 1991; Chandrasekar et al. 1993) . Details of our optimal polarimetric rainfall algorithm can be found in appendix D.
Another goal of this study was to investigate the role of the cumulus merger process on the production of rainfall, mixed-phase graupel mass, and cloud-toground lightning since the merger process has implications for the manner in which tropical island convective systems are parameterized in large scale numerical models (e.g., Simpson et al. 1980 Simpson et al. , 1993 . For the purposes of comparison with Simpson et al. (1993) , we define a merger as a consolidation of two previously separate echo features at the 25 dBZ reflectivity isopleth (i.e., roughly corresponding to a rain rate of 1 mm h Ϫ1 ). A reflectivity echo feature is deemed as a group of horizontally contiguous grid points that exceed the 25 dBZ threshold at the 2-km grid level and that are isolated from other such groups by grid points characterized by reflectivity that does not exceed the threshold. The algorithm of Rickenbach and Rutledge (1998) was utilized to locate 25-dBZ echo features. Mergers between convective features were then identified by manual analysis. The rain mass flux of each feature was determined using the polarimetric rain-rate equations in appendix D. The number of cloud-to-ground lightning flashes associated with each feature was determined manually using a loop of ground strikes overlaid on the echo features. The mixed phase (5-11 km or 0Њ to Ϫ40ЊC) graupel mass, calculated using (C1)-(C4), was integrated in the vertical at each x-y location in the grid. The Rickenbach and Rutledge (1998) feature identification technique was then applied to the integrated mixed-phase graupel mass. The features of mixed-phase graupel mass were then manually associated with the 25-dBZ reflectivity features at 2 km. In this manner, we were able to determine the echo area, rainfall, mixed-phase graupel mass, and cloud-to-ground lightning associated with every ''single echo'' and ''merged echo'' of the 28 November 1995 Hector.
Results and discussion

a. Overview of storm precipitation structure
The Hector event on 28 November 1995 was extremely intense from both a radar and lightning perspective. Echo tops (0 dBZ) reached to over 20 km while the 30-dBZ isosurfaces penetrated over 18 km. Maximum rainfall rates estimated by the C-pol radar exceeded 150 mm h Ϫ1 and observed reflectivities in the most intense cells surpassed 60 dBZ. At peak intensity, the convection spanned across the entire extent of both islands with over 100 km of contiguous radar echo with reflectivities in excess of 30 dBZ along an east-west oriented line (at 2 km; Figs. 2c-d). Averaged over 1-min periods, the cloud-to-ground and total lightning flash rates peaked at 11 and 60 min Ϫ1 , respectively. Since this event is comparable to some of the most intense island thunderstorms observed in the region prior to MCTEX (Keenan et al. 1990 (Keenan et al. , 1994b Rutledge et al. 1992; Williams et al. 1992) , it is considered to be an ideal case for studying the coevolving precipitation and lightning characteristics of deep island convection.
Precipitating convection lasted for 7 h (0130-0830 UTC or 1100-1800 local; all times hereafter will be referenced in UTC) in this case. By 0215, initial cumulonimbi were focused along two sea breeze fronts
North-south vertical cross section of Z h (dBZ, shaded) and Z dr (dB, contoured) through a (a) non-CG lightning-producing cell at 0216 UTC over southern Melville Island as depicted by the solid line in Fig. 2a , and (b) a CG lightning-producing convective complex at 0315 UTC over northern Melville Island as depicted by the solid line in Fig. 2b . Environmental temperature levels deduced from sounding data are given. (Keenan et al. 1994b; Carbone et al. 2000) occurring along the northern and southern coasts of both islands (Fig. 2a) . Although there was no observed CG lightning over the islands, no lightning (IC or CG) detected by the flat plate antenna within 40 km of the radar, and no significant surface electric fields near the radar at this time, peak reflectivities and rain rates reached up to 55 dBZ and 70 mm h Ϫ1 , respectively. As shown in Fig. 3a , most convection was single celled with typical diameters on the order of 5-10 km and echo tops less than 8 km in height. The vertical extent of the 35-dBZ reflectivity and 1-dB differential reflectivity contours were limited to below the environmental freezing level at 5 km, suggesting that collision-coalescence dominated precipitation processes in most cells across the island. The most organized convection existed in extreme eastern Melville Island (e.g., see 11.4ЊS, 131.3ЊE, Fig. 2a ) where several cells had merged into a small convective complex on the order of 30 km wide. This merger was the result of the collision of a gust front with existing cumulus convection along the sea breeze front. This merger process is quite common over the Tiwi Islands (e.g., Keenan et al. 1994b; Carbone et al. 2000) .
By 0315 (Fig. 2b ), several cell mergers had occurred along both sea breeze fronts. Two of these complexes (11.8ЊS, 130.8ЊE; 11.45ЊS, 131.1ЊE) were producing cloud-to-ground lightning at this time. The flat plate antenna measured total lightning flash rates of 1-2 min Ϫ1 , probably associated with the CG lightning producing complex to the east-northeast of the radar over southern Melville Island. The largest of the two CG lightning producing mergers, over northeastern Melville Island, produced the first detected ground flash earlier at 0300. The vertical structure of this complex (Fig. 3b) is in sharp contrast to that of the earlier single cell, which produced no CG lightning (Fig. 3a) . Echo tops (0 dBZ) in the CG yielding complex exceeded 16 km. The 0.75-dB differential reflectivity contour and the 35-dBZ isopleth extended to 7 and 8 km, respectively. This implies that supercooled raindrops existed in the 0Њ to Ϫ10ЊC region and that large precipitation-sized ice, most likely in the form of frozen drops and/or graupel, resided above the height of the Ϫ10ЊC isotherm.
As a result of several cell mergers between 0315 and 0415, widespread deep convection stretched along an east-west line over both islands with the bulk of the activity over Melville Island (Fig. 2c) . Associated with this explosive development of intense convection, the total lightning flash rate within 40 km of the radar increased from just a few to more than 30 flashes min Ϫ1 . In addition, the field mill detected the first significant electric field and multiple transients characteristic of lightning during this period. Cloud-to-ground lightning activity increased rapidly over Melville Island and at-
East-west vertical cross section of Z h (dBZ, color shaded as shown), Z dr (dB, solid black contours), and K dp (Њ km Ϫ1 , dashed white contours) through (a) a CG lightning-producing convective complex over Melville Island (latitude ϭ 11.51ЊS or y ϭ 28 km), and (b) a non-CG lightning-producing cell over Bathurst Island (latitude ϭ 11.59ЊS or y ϭ 19 km) at 0416 UTC as depicted by the two solid lines in Fig. 2c . tained a relative maximum 1 of 5 flashes min Ϫ1 by 0415 (e.g., see Fig. 8 ). Interestingly, despite the widespread nature of significant convection (Z h Ն 30 dBZ) at 2 km, the overwhelming majority of ground discharges were confined to a relatively small region over western Melville Island near the northern coast (11.55ЊS, 130.8ЊE). For instance, note the complete absence of CG lightning over Bathurst Island up to and including 0415 .
In order to highlight the microphysical differences between convection that yields CG lightning and convection that does not, we present vertical cross sections of Z h , Z dr , and K dp through radar echo over Melville (Fig. 4a) and Bathurst (Fig. 4b ) Islands. First, the storms over Melville Island (18.5-km echo tops) were significantly taller than those above Bathurst Island (13-km tops) at this time. The 35-dBZ echo height extended through the entire depth of the mixed phase region over Melville Island (roughly up to 11 km where T ϭ Ϫ40ЊC). On the other hand, the 35-dBZ height did not penetrate the height of the Ϫ10ЊC isotherm over Bathurst Island (only up to 6.5 km). Significant values of differential reflectivity (Ն1 dB) and specific differential phase (Ն1Њ km Ϫ1 ) suggest that supercooled raindrops were being lofted above the Ϫ10ЊC level in both cells (e.g., Illingworth et al. 1987; Jameson et al. 1996; Bringi et al. 1996 Bringi et al. , 1997 Blyth et al. 1997) . However, in the convection over Melville Island, there was a large volume of echo characterized by significant reflectivities (Ն35 dBZ) and near-zero values of Z dr and K dp at temperatures colder than Ϫ5ЊC (i.e., heights Ն5.9 km), which is indicative of the presence of large precipitation-sized ice. In contrast, most of the radar echo possessing significant reflectivities over Bathurst Island were also characterized by significant positive values of Z dr and K dp . This indicates that a large fraction of the precipitation mass above the freezing level over Bathurst Island was in liquid form. This is an example where the penetration of some reflectivity threshold (30-35 dBZ ) above some temperature threshold (Ϫ7Њ to Ϫ10ЊC) does not guarantee the dominance of graupel or frozen drop mass over rain mass.
To explore further the vertical precipitation structure at 0416, we utilized the methods outlined in appendix C to estimate the reflectivity weighted rain (M w ) and graupel mass 2 (M g ) using Z h and Z dp in these two convective cells characterized by markedly different microphysics and CG lightning properties. Vertical cross sections of M w , M g , and Z h (Figs. 5a, b) Fig. 4 except of the polarimetric radar inferred graupel mass (M g , solid black contours every 2.5 g kg Ϫ1 starting at 0.5 g kg Ϫ1 ) and the rain mass (M w , dashed white contours every 3.5 g kg Ϫ1 starting at 0.5 g kg Ϫ1 ).
in the same planes as Figs. 4a,b respectively. The CG producing convective complex (Fig. 5a ) had significant graupel mass throughout the entire mixed-phase region (5-11 km or 0Њ to Ϫ40ЊC) with a maximum in the 0Њ to Ϫ15ЊC temperature zone. Note that the majority of the ground discharges occurring around 0416 were located beneath and just to the southeast of this peak in the ice mass aloft (cf. Figs. 2c and 5a ). Contours of M w indicate that supercooled raindrops were lofted to the height of Ϫ10ЊC, where they likely froze and thus provided an immediate source of large precipitation ice for riming and charge separation via the NIC mechanism. The location of a maxima in the rain mass (4 km) located just below the peak graupel mass (6.5 km) strongly suggests that the freezing of supercooled raindrops is an important source of precipitation-sized ice in tropical convection.
As shown in Fig. 5b , the convection over Bathurst Island, which had not yielded a single CG lightning flash up to 0416, possessed a very different vertical structure of precipitation mass above 3.5 km (T Ͻ 8ЊC). From the surface to 3.5 km, both cells (Figs. 5a, b) had similar values of reflectivity and rain mass. In the Bathurst Island convection (Fig. 5b ) the rain mass steadily decreased above 3.5 km and the peak in the graupel mass was an order of magnitude less than in the Melville Island complex. Indeed, very little graupel mass existed above the height of Ϫ10ЊC. Figures 4b and 5b suggest that the Bathurst Island convection possessed sufficient updraft strengths to loft some supercooled drops to temperatures as low as Ϫ10ЊC. However, the lack of significant graupel mass at and above the Ϫ10ЊC level suggests that the updraft was insufficient to levitate precipitation (Atlas 1966 ) and thus allowed both large supercooled and frozen drops to fall back below the 5-km level. The lack of strong updrafts at and above the height of 0ЊC has been hypothesized to explain the dearth of lightning in tropical oceanic convection (Zipser and Lutz 1994; Petersen et al. 1999) . In contrast, the Melville Island convection probably had strong enough updrafts (Ͼ6 m s Ϫ1 ; Zipser and Lutz 1994) in the 0Њ to Ϫ20ЊC to loft raindrops, balance frozen drops, and thus provide a source of large ice and supercooled cloud water for the NIC mechanism to be operative.
From 0415 to 0515, Hector moved westward with the most vigorous convection and CG activity now located over Bathurst Island (Fig. 2d ). This complex reached its peak intensity between 0500 and 0515 with maxima in rainfall, ice mass aloft, CG and total lightning flash rates, and surface electric field. The merged complex continued to move westward from 0515 to 0615. A short (60 km) leading convective line resided off the coast of Bathurst Island followed by a narrow (30 km) trailing stratiform region (Fig. 2e) . Cloud-to-ground lightning activity decreased rapidly during this period as the convective intensity decreased. By 0715, Hector began to take on a stratiform appearance in the horizontal (Fig. 2f) and vertical (Fig. 6 ) reflectivity structure (e.g., Steiner et al. 1995) , ceased producing CG lightning, and generated about one IC lightning flash every 2 min. The intermittent bright band (Austin and Bemis 1950) structure in the reflectivity data at and below the melting
6. East-west vertical cross section of Z h (dBZ, shaded) and the 1-dB Z dr contour through stratiform precipitation at 0715 UTC as depicted by the solid line in Fig. 2f .
FIG. 7. Time-height cross section of the mean (a) Z h (dBZ, shaded), Z dr (dB, black contour), and K dp (Њ km Ϫ1 , white contour) and (b) radarderived M w (g kg Ϫ1 , black contour) and M i (g kg Ϫ1 , shaded) through the convective complex over northeastern Melville Island, as depicted in Figs. 2c and 3b. This complex produced the first CG lightning flashes from 0300 to 0315 UTC. The time of each CG lightning flash is depicted by a ϩ symbol along the bottom of the figure.
layer and the peak in the differential reflectivity at and below the bright band ) support the contention that Hector had taken on stratiform characteristics by 0715 (Fig. 6 ). The storm continued to weaken and move westward for the next 2 h. No further electrical activity was detected after 0740.
Using this overview of Hector's horizontal and vertical structure as background, we can explore the relationship between tropical island precipitation and lightning in detail.
b. Relationship between cloud-to-ground lightning and precipitation
As discussed in section 3a, the first few cloud-toground lightning flashes emanated from a convective complex over northeastern Melville Island from 0300 to 0315 (Figs. 2b, 3b) . The microphysical evolution of this complex is revealed in two time-height cross sections 3 of raw ( Fig. 7a ) and derived ( Fig. 7b ) C-pol radar data.
In Fig. 7a , the evolution of Z h , Z dr , and K dp is depicted from the start of available polarimetric radar data (0215) to the end of the first flurry of CG lightning flashes associated with cell merger (0315). First, it is interesting to note that the 30-(35-) dBZ reflectivity contour remained at or above the height of the Ϫ20ЊC (Ϫ10ЊC) level during the entire period, regardless of whether the storm was producing CG lightning, in contrast to the behavior of oceanic convection over the western Pacific warm pool (Petersen et al. 1996 (Petersen et al. , 1999 . There were two pulses in convective activity. No CG lightning was pro-duced by the first pulse. The second pulse yielded the first six ground discharges.
The first convective pulse occurred from 0220 to 0240 with the most vigorous period from 0227 to 0237. Echo tops and the 40-dBZ echo height increased by 2.5 and 4.5 km, respectively, during this time period. The 0.5-dB (0.5Њ km Ϫ1 ) contour for Z dr (K dp ) extended to the height of Ϫ20ЊC during the first pulse, suggesting the presence of supercooled raindrops well above the freezing level. The second pulse was sustained for a longer period (0240-0315) and was more intense. For example, the second convective surge was characterized by larger values of reflectivity, differential reflectivity, and specific differential phase. Echo tops and the 40-dBZ echo height in the second pulse were higher, reaching up to 16.5 and 8.5 km, respectively. In the second pulse, sig-
nificant positive values of Z dr and K dp , indicative of raindrops, again extended to 8.5 km (Ϫ20ЊC). Due to the range of the convection in Figs. 7a,b (i.e., approximately 60 km), it is possible that the polarimetric variables were smeared a bit into the vertical plane. As a result, the Ϫ20ЊC temperature level should be considered a lower limit to our estimate of the coldest temperature at which the presence of supercooled drops can be inferred. However, the resolution is more than sufficient to conclude that drops were lofted to the Ϫ10Њ to Ϫ20ЊC temperature zone.
The time-height evolution of the radar inferred rain (M w ) and total ice (M i ) mass for the same time period and convective complex is presented in Fig. 7b . Clearly, there was more ice mass above and rain mass below the freezing level in the second, CG producing pulse than in the first surge. The ice mass in the first convective pulse was typically between 0 and 1.5 g kg Ϫ1 in the 0Њ to Ϫ20ЊC region compared to a range of 1.5-4 g kg
Ϫ1
for the second surge. Inspection of the first pulse reveals that most of the precipitation mass in the 0Њ to Ϫ15ЊC region was actually supercooled rain water or possibly partially frozen drops. As recently demonstrated by Smith et al. (1999) , complete freezing of millimetersized drops can take a few minutes after nucleation. During this time required for freezing, we suggest that many of the drops fell back below the 0ЊC level without completely freezing due to a weak updraft in the 0Њ to Ϫ10ЊC zone.
The temporal evolution of Z h , Z dr , K dp , and M w contours from 0230 to 0245 implies that much of the supercooled rain mass peak between 0Њ and Ϫ10ЊC at the beginning of the pulse rained out by 0245 without contributing significantly to the ice mass aloft. Toward the end of the pulse at 0240, a relatively small amount of precipitation ice (M i Ͻ 1.5 g kg Ϫ1 ) was produced via drop freezing. The lack of significant ice mass in the Ϫ10Њ to Ϫ20ЊC region where the negative charge region typically resides (e.g., Williams 1989) is consistent with the lack of CG lightning in the complex at this time, if the primary thunderstorm charging mechanism is NIC. More than likely, the updraft was not strong enough to balance the bulk of the rain mass above the height of the Ϫ10ЊC level (Zipser and Lutz 1994; Petersen et al. 1996 Petersen et al. , 1999 ) and/or not of sufficient duration (Ͻ10-15 min) to allow freezing, riming, significant charge separation, and lightning (Solomon and Baker 1994; Petersen 1997) .
The second convective pulse immediately followed the freezing of the first, weaker pulse of supercooled drops above the 0ЊC level at 0240. It is possible that the release of latent heat during drop freezing provided enhanced buoyancy to this second pulse and thus contributed to a more vigorous updraft. Raindrops wore once again lofted into the 0Њ to Ϫ20ЊC region. This time, however, the lofted rain mass was significantly larger and the drops immediately began to freeze and produce significant ice mass aloft (Figs. 7a, b) . The freezing was much more rapid during the second pulse, perhaps as a result of ample residual cloud ice from prior convection initiating contact freezing (Cooper 1974) . Yuter and Houze (1995) also concluded that increased concentrations of ice particles penetrated by new updrafts during the mature phase of a Florida storm observed during CaPE aided in the more rapid freezing of supercooled drops. During this pulse, the updraft was apparently vigorous enough and of sufficient duration to loft supercooled drops above Ϫ10ЊC, balance millimeter-sized precipitation ice there, and allow the riming and electrification of ice via the NIC mechanism.
The first cloud-to-ground lightning flash occurred at 0300, within 5-10 min of the production of significant ice mass in the Ϫ10Њ to Ϫ20ЊC region (0250-0255). The occurrence of lightning about 10 min after the production of significant mixed-phase ice mass is consistent with prior studies of midlatitude and subtropical convection (e.g., Workman and Reynolds 1949; Dye et al. 1986; Goodman et al. 1988; Williams et al. 1989; Carey and Rutledge 1996; Jameson et al. 1996; Bringi et al. 1997 ) and tropical oceanic convection (e.g., Petersen et al. 1996) . As seen in Figs. 7a,b, the complex continued to loft supercooled water into the 0Њ to Ϫ20ЊC region after the first ground discharge. As a result, the production of ice mass, assumedly via drop freezing, continued to increase and then remained steady after 0305. The complex produced five additional cloud-to-ground lightning flashes before merging with another cell after 0315.
Although empirical and not conclusively causal, the evidence correlating the drop freezing process, production of precipitation sized ice, and subsequent electrification and lightning is fairly strong in this tropical island thunderstorm. In situ videosonde observations (T. Takahashi 1996, personal communication) taken during MCTEX confirm the common presence of supercooled raindrops and frozen drops in the mixed-phase region, even at temperatures as cold as Ϫ20Њ to Ϫ25ЊC. These in situ observations corroborate the importance of drop freezing in Hector's precipitation processes. The importance of drop freezing to the glaciating behavior of warm based clouds has long been known (e.g., Koenig 1963) . The 1D bulk microphysical cloud modeling studies of Hector by Keenan et al. (1994b) and Petersen (1997) reveal the dominance of drop freezing over depositional and aggregational growth in the creation of large ice particles that can continue to grow via riming. In addition, the integrated cloud microphysical and electrical modeling results of Petersen (1997) suggest a critical role for frozen drops in the production of significant electric fields necessary for lightning. The role of drop freezing in subsequent cloud electrification and lightning production also has been demonstrated in the recent radar and/or aircraft studies of Jameson et al. (1996) , French et al. (1996) , Ramachandran et al. (1996) , and Bringi et al. (1997) for subtropical convection, and by Petersen et al. (1999) for tropical oceanic convection.
Evolution of the CG lightning flash rate (min Ϫ1 ), rain mass flux(10 6 kg s Ϫ1 ), and mixed-phase graupel mass (M g , 10 8 kg) from 0200 to 0800 UTC over the Tiwi Islands. The CG lightning flash rate was averaged over the same temporal interval as the resolution of the available polarimetric radar data (i.e., 5-14 min).
FIG. 9. Time-height cross section of the slab total graupel ice mass (kg km Ϫ1 , shaded) and rain mass (kg km Ϫ1 , dashed contour) from 0200 to 0630 UTC over the Tiwi Islands. The CG lightning flash rate (min Ϫ1 , solid line) during this period is repeated for direct comparison. Note that the CG lightning flash rate was averaged over the same temporal interval as the resolution of the available polarimetric radar data (i.e., 5-14 min).
With an understanding of how the production of mixed-phase ice mass is correlated to the production of ground discharges beneath a single convective complex, we now present the temporal evolution of the CG lightning flash rate, mixed phase graupel mass, and the rain mass flux over the entire Tiwi Islands for a 6-h period (0200-0800) during the complete life cycle of this case (Fig. 8) . The rain mass flux broadly envelopes the period of significant ice mass and CG production. A nonnegligible amount of rain occurred prior to the first CG lightning flash at 0300. As discussed below, this pre-CG lightning rainfall is associated with primarily warm rain cumulonimbi (see Figs. 3a and 9) . It is also interesting to note that the overall maximum and gradual decrease in the rain mass flux after 0515 lags the CG lightning flash rate and mixed-phase graupel mass by about 20 min. This temporal lag is probably associated with the gravitational settling time of the precipitation mass from the assumed position of the negative charge zone during CG lightning (about Ϫ10ЊC; Williams 1989) to the surface, as will be further demonstrated below.
The general trend of the CG lightning flash rate is well correlated with that of the graupel mass. For example, both parameters undulate in unison in Fig. 8 ; their maxima and minima consistently aligned. Maxima in the mixed-phase graupel mass typically preceded or were coincident in time with peaks in the cloud-toground lightning flash rate (at the available temporal resolution of 4-15 min). For example, note the relative maximum in the graupel mass aloft at 0359 that preceded the peak in the ground discharge rate at 0416 associated with the convective complex highlighted in Figs. 2c, 4a, and 5a. Other maxima in the CG lightning flash rate that were preceded by peaks in the graupel mass aloft by 10-30 min occurred at 0315, 0339, 0522, and 0614. The one-lag correlation coefficient 4 between the graupel mass aloft and the CG lightning flash rate is very high ( ϭ 0.9).
The overall maxima in the CG lightning flash rate of 5.5 min Ϫ1 that occurred at 0449 was nearly coincident with a relative maxima in the graupel mass. The temporal resolution of the polarimetric radar data surrounding this peak was degraded to about 10-15 min so it is ambiguous as to whether this marks an actual break from the more typical trend (i.e., graupel maxima preceding CG maxima) or whether the C-pol radar did not resolve the actual time of the maxima in the graupel mass. Prior to 0430, there was one dominant complex producing CG lightning and graupel mass (e.g., Fig. 2c ). From 0430 to 0530, there were multiple cells producing CG lightning and graupel mass aloft (e.g., Fig. 2d ). Therefore, an alternate, physically based explanation for the change in behavior of graupel mass relative to CG lightning after 0430 is that the summation of graupel mass and CG lightning from multiple complexes in differing stages of their evolution masked the earlier trend.
The time-height cross section of the slab total 5 graupel and rain mass (kg km Ϫ1 ) in Fig. 9 further elucidate
the relationship between lofted drops, large precipitation ice mass, and the CG lightning flash rate. The evolution of the vertical distribution of precipitation mass in Fig.  9 clearly demonstrates that Hector was dominated by warm rain microphysical processes prior to 0245 (also see Fig. 3a ). The absence of CG lightning before 0300 despite substantial quantities of warm rain is consistent with the requirement for large precipitation-sized ice in the charge separation process leading to significant electric fields and lightning (e.g., Takahashi 1978b; Dye et al. 1986 Dye et al. , 1989 Williams 1989 ; among many others). Despite some earlier reports of lightning in warm clouds (e.g., Foster 1950; Pietrowski 1960; Moore et al. 1960; Lane-Smith 1971) , the absence of warm rain CG lightning is consistent with many recent radar and in situ studies of this phenomenon (e.g., Takahashi 1978b; Chauzy et al. 1985; Selvam et al. 1991; Mikhailovsky et al. 1991; Rutledge et al. 1992; Petersen et al. 1996) . After 0245, the convection became sufficiently vigorous to loft drops, providing a source of precipitationsized ice via drop freezing. As discussed earlier relative to Figs. 2b, 3b, and 7a,c, the first CG flashes occurred at 0300 following the development of significant ice mass in the mixed-phase region. As Hector continued to develop and increase in horizontal size and vertical extent (cf. Figs. 2a-f ; 3a,b; 4a) via the merger process (Simpson et al. 1993) , peaks in the graupel mass (Fig.  9 ) between the heights of 0Њ and Ϫ20ЊC were associated with rapid increases and maxima in the cloud-to-ground flash rate (e.g., 0315-0330, 0345-0415, and 0433-0515). The effect of the merger process on the production of large ice and CG lightning will be explored further in section 3e. Note that Hector continued to loft supercooled drops up to the height of the Ϫ10Њ to Ϫ20ЊC temperature range during the entire CG producing period. The continual presence of supercooled raindrops above the freezing level was likely the result of the continuous development of distinct updrafts within new deep cumulonimbi, resulting from the collision of the westward propagating gust front and existing cumulus convection along the sea breeze (Keenan et al. 1994b; Wilson et al. 1999, manuscript submitted to Mon. Wea. Rev.) .
Each of these new cells in the multicell Hector thus provided a new source of lofted drops. The first cells that penetrated into quiescent air containing no ice particles lofted drops to temperatures as cold as Ϫ15Њ to Ϫ20ЊC as inferred from Z dr and K dp (e.g., Figs. 7a,b, 9 ). Although the supercooled raindrops froze more rapidly when the updrafts carrying them penetrated into existing ice cloud, there was always at least one new updraft carrying supercooled drops to Ϫ10ЊC or colder (e.g., Fig. 9 ). This is in contrast to the Florida storm studied by Yuter and Houze (1995) , in which Z dr data indicated that the precipitation at upper levels was nearly glaciated early in the life cycle of the multicellular convective complex. The difference between the two multicell storms is unclear. We can speculate that more of Hector's nascent updrafts penetrated into cloud-free air because they triggered along the intersection of a horizontally extensive sea breeze front and a gust front that tended to advect ahead of existing convection (Carbone et al. 2000) . Or perhaps, the low-level to midlevel updrafts lofting the supercooled raindrops in Hector may have been more intense than in the Florida storms.
These lofted drops likely froze and quickly rimed, providing a rapid and plentiful source of graupel particles for charge separation via the NIC mechanism. The initial descent of the graupel mass usually triggered pulses in the CG lightning flash rate. This correlation between descending precipitation ice and CG lightning for tropical island convection is similar to prior results for thunderstorms throughout the globe (e.g., Workman and Reynolds 1949; Goodman et al. 1988; Williams et al. 1989; Carey and Rutledge 1996; Petersen et al. 1996; López and Aubagnac 1997) . Cloud-to-ground lightning may be initiated by the descent of graupel below the level of main negative charge where the process of charge reversal microphysics causes these ice particles to charge positively (e.g., Jayaratne et al. 1983; Williams et al. 1989; Carey and Rutledge 1996) . This lower positive charge may result in the electrical bias that allows for the transfer of negative charge to ground in CG lightning as first suggested by Clarence and Malan (1957) .
As shown in Fig. 9 , the graupel mass continued its descent below the freezing level where it melted between 3 and 5 km. After sufficient time for gravitational sedimentation (e.g., 15-20 min, assuming V t ϭ 5 m s Ϫ1 and a fall from the 5-6.5-km region), a peak in the rain flux (Fig. 8 ) and rain mass (Fig. 9 ) reached near the surface (actually 0.5 km in the gridded data). This tendency for peak rainfall near the surface to lag the maximum cloud-to-ground lightning flash rate by 15-20 min is also consistent with past studies of subtropical and midlatitude convection (e.g., Goodman et al. 1988; Carey and Rutledge 1996) .
The freezing of supercooled drops may actually enhance cloud electrification in three ways: 1) providing an instantaneous and abundant source of precipitationsized ice as discussed above, 2) promoting favorable conditions for secondary ice processes via the shattering of freezing drops (e.g., Pruppacher and Klett 1997) or rime splintering (e.g., Hallet and Mossop 1974), and 3) increasing the buoyancy and hence updraft speed of the air parcel via the latent heat of fusion. As noted in Koenig (1963) and reviewed in Young (1993) , most observations of enhanced ice crystal concentrations were obtained in cumulus clouds that contained large supercooled drops. Ice enhancements can be an order of magnitude or more (up to 10 4 ) for the ice multiplication mechanisms mentioned above (Pruppacher and Klett 1997) . According to the NIC mechanism, an order of magnitude increase in the ice crystal concentration would result in an order of magnitude increase in graupel electrification. The increase in buoyancy associated with drop freezing could be significant. For example, peak mixing ratios of supercooled rainwater at Ϫ5 to Ϫ10ЊC in lightning producing cells were typically 3-5 g kg Ϫ1 (cf. Figs. 5a, 7b ), which might have corresponded to 1-1.7 degrees of extra buoyancy if all the water froze.
c. Relationship between the total lightning flash rate and precipitation
The presence of a flat plate antenna at the C-pol radar during MCTEX provided us the opportunity to analyze the coevolution of the radar-inferred precipitation structure and the total lightning flash rate (total ϭ IC ϩ CG) within 40 km of the radar. These results complement the islandwide-scale data discussed in the previous section, which focused on the coevolving precipitation fields and CG lightning. In Fig. 10 , we present the total lightning flash rate, the total mixed-phase (0Њ to Ϫ40ЊC) ice mass, the integrated mixed-phase graupel mass, and the rain mass flux for the entire life cycle (0200-0800). A time-height cross section of the total slab (kg km Ϫ1 ) ice mass versus the 15-min total lightning flash rate is shown in Fig. 11 .
During the dominance of warm rain convection prior to 0225 (cf. Figs 2a, 3a, 10, 11) , there was no detected lightning activity. The increase in the total ice mass above the height of Ϫ5ЊC was associated with the first lightning flashes from 0230 to 0300. The total lightning flash rate, total ice mass, and graupel mass all dramatically increased from 0315 to 0415 associated with the merger process (cf. Figs. 2b,c; 10; 11) . The role of the merger process in the production of mixed phase ice mass, rainfall, and lightning will be investigated further in section 3e. As shown in Fig. 10 , the total lightning flash rate and total mixed-phase ice mass are well correlated ( ϭ 0.93). The three primary peaks in the total lightning flash rate (0416, 0502, 0522) were either preceded by or coincident with maxima in the total ice mass (0416, 0502, 0514; Fig. 10 ). As presented in Fig.  11 , these peaks in the total lightning flash rate were also accompanied by upward perturbations in the height of the slab ice mass and large temporal gradients of the slab ice mass in the 0Њ to Ϫ40ЊC region. The overall maxima in the mean 6 total lightning flash rate of 55 min Ϫ1 at 0502 was coincident with the absolute peak in the total ice mass and graupel mass (Figs. 10 and 11). As Hector weakened from 0515 to 0615 within 40 km of the radar (cf. Figs. 2d,e; 10; 11), the total lightning flash rate dropped precipitously along with the total ice and graupel masses. This decrease in ice mass was most dramatic in the mixed-phase zone and was also accompanied by downward perturbations in the height of the ice mass (Fig. 11) .
The correlation between total ice mass and the total lightning flash rate documented here is similar to previous observations of subtropical and midlatitude thunderstorms (e.g., Larsen and Stansbury 1974; Stansbury et al. 1978; Marshall and Radhakant 1978; Goodman et al. 1988; Carey and Rutledge 1996) and is consistent with a charging mechanism that relies on ice-ice collisions in the presence of supercooled cloud water for particle-scale charge separation (e.g., Takahashi 1978a; Jayaratne et al. 1983; Saunders et al. 1991 ; among others). 6 The total lightning flash rate was averaged over the temporal resolution of the radar data (4-15 min). The maximum 1-min average was 60 min Ϫ1 , occurring at 0454 and 0458.
12. Evolution of the slab total precipitation sized ice mass (kg km Ϫ1 , color shaded), slab rain mass (kg km Ϫ1 , black dashed contours), surface electric field (V m Ϫ1 , pink line), total lightning flash rate derived from the field mill (min Ϫ1 , thick solid blue line), and the time of occurrence for CG lightning as depicted by the symbol ''O'' within 20 km of the C-pol radar from 0200 to 0630 UTC.
Interestingly, the total ice mass tracked the total flash rate from first lightning until about 0600 when Hector began to dissipate near the radar and visually glaciate, and the total lightning flash rate decreased to Ͻ10 min Ϫ1 . As seen in Figs. 10 and 11, the total ice mass began to increase after 0600 in the Ϫ15Њ to Ϫ30ЊC region and experienced a secondary maxima at 0645 while the total flash rate continued to decrease. We speculate that this sudden disconnect between the total ice mass and the total lightning flash rate is related to the transition from vigorous updraft (i.e., convective) to weak updraft or downdraft (i.e., stratiform), the subsequent loss of cloud water, and the fallout of large precipitation-sized ice. Indeed, graupel and frozen drops were nonexistent after about 0555 within 40 km of the radar (Fig. 10) . The lack of large ice and possibly cloud water, both necessary ingredients in the NIC mechanism, could have rendered the electrical generator ineffective despite the presence of smaller, precipitationsized ice.
The finescale temporal evolution of the rain mass flux shown in Fig. 10 does not match some of the undulations (i.e., relative minima and maxima) seen in the total lightning flash rate and mixed-phase total ice mass (Fig. 10) . However, the rain flux does envelope the total lightning flash rate. Indeed, the two quantities are very well correlated ( ϭ 0.94). As a matter of fact, comparison with section 3b suggests that the integrated rain flux is actually better correlated with the total lightning flash rate than with the CG lightning flash rate.
d. Relationship between the surface electric field and precipitation
In this section, we compare the polarimetric radar inferred precipitation structure of a portion of Hector that passed within 20 km of the radar (cf. Figs. 2a-e) , to field mill observations of the surface electric field and total lightning flash rate from 0200 to 0630. In addition, the ALDF network was used to isolate the ground discharges associated with this convection. The results are synthesized in Fig. 12 , which depicts the temporal evolution of the total ice and rain masses in the vertical, the surface electric field, the total lightning flash rate, and time of occurrence of each CG lightning flash.
The premerger stage (0200-0245) was dominated by warm rain processes as can seen by the lack of significant ice mass and supercooled water above 0ЊC (Fig.  12) . This slab water mass is associated with a warm rain cell that was located to the east-northeast of the radar (Fig. 2a) and characterized by reflectivities up to 50 dBZ. During this entire time, the field mill indicated a fairweather electric field (e.g., Uman 1987) of 60-80 V m Ϫ1 and no lightning transients. From 0245 to 0345, distant convection (at ranges of 20-30 km) caused an enhancement in the fairweather field up to 200 V m Ϫ1 . This enhanced fair field was probably caused by a reversal of the sign of the surface electric field associated with a distant thunderstorm dipole (i.e., the so-called field reversal distance; Uman 1987). Distant lightning was registered by the field mill from 0325 to 0345 while the vertical component of the surface electric (E)-field was still fair and there was little in the way of convection within 20 km of the radar (e.g., Fig. 2b) .
From 0345 to 0415, new cells developed to the north of the radar at ranges less than 20 km, along a gust front on the southern side of Hector (Fig. 2c) . Aided by convergence along the gust front, these vigorous new cells lofted drops above the freezing level and began the production of precipitation-sized ice (Fig. 12) . Within 10 to 15 min of precipitation ice production above Ϫ10ЊC, the surface electric field began to increase rapidly toward foul (i.e., positive) values and the first lightning transient was recorded by the field mill at 0415. The first couple of ground discharges occurred 5-10 min later. The positive slope of the surface electric field corresponds well with the increase in the amount and height of the ice mass from 0415 to 0430. The presence of supercooled drops colder than Ϫ10ЊC during this time suggests that drop freezing was a major source of precipitation-sized ice for subsequent riming and cloud electrification via the NIC mechanism.
Between 0430 and 0445, a weak excursion in the electric field from a foul field to a near-zero and slightly negative (i.e., fair) E field was followed by a maximum in the rain mass near the surface (Fig. 12) . The field excursion associated with precipitation (FEAWP; Moore and Vonnegut 1977) began (peaked) about 15 (7) min prior to the maximum rainfall near the surface at 0445. The E field recovered to pre-FEAWP values just after the peak in precipitation near the surface. Takahashi (1983) proposed that positive charging of descending graupel particles at warm temperatures via the NIC mechanism (T Ͼ Ϫ10ЊC; Takahashi 1978a) could explain the FEAWP beneath thunderstorms. As in the midlatitude storm studied by Carey and Rutledge (1996) , the FEAWP in Fig. 12 appears to be associated with the descent of frozen precipitation in the 0Њ to Ϫ10ЊC region.
VOLUME 128 M O N T H L Y W E A T H E R R E V I E W
As seen in Fig. 12 , the surface electric field increased from 100 V m Ϫ1 at 0440 to 1000-1500 V m Ϫ1 by 0500. During the same time, isosurfaces of total ice mass extended vertically (cf. E-field trace to the 1 ϫ 10 7 kg km Ϫ1 isosurface in Fig. 12 ) and the amount of integrated mixed-phase (e.g., 5-11 km) ice mass increased. Supercooled drops were continually lofted above the height of Ϫ10ЊC, as depicted in the contours of slab rain mass in Fig. 12 . The freezing of these drops undoubtedly provided a source of large precipitation-sized ice as the cell developed and became more electrified, as will be shown below.
As the cell began to dissipate after 0530, the lofting of supercooled drops stopped and hence the production of large precipitation ice ceased (Fig. 12) . As the remaining large precipitation-sized ice fell out of the storm from 0530 to 0545, the field switched from positive to negative polarity (i.e., from predominately negative to positive charge aloft). The onset of this so-called end of storm oscillation (Moore and Vonnegut 1977) in the surface E field following the fallout of large precipitation-sized ice suggests that the large precipitationsized ice carried the negative charge to the ground with residual positive charge remaining aloft (Fig. 12) . The advection of this storm farther away from the field mill, past the so-called field reversal distance (e.g., Uman 1987) may have also contributed to the reduction and eventual switch in polarity of the surface E field. After 0545, the E field remained fair, CG lightning ceased, and the total lightning flash rate continued to decrease toward zero. The remaining ice mass between Ϫ20Њ and Ϫ40ЊC during this time was likely associated with ice crystals in the anvil. The implication in Fig. 12 is that the large precipitation-sized ice particles were the predominate negative charge carriers while ice crystals in the anvil at 10 km and higher were the predominate positive charge carriers, consistent with the NIC theory. Combining this inference with the discussion of the FEAWP above, we find the observations summarized in Fig. 12 to be consistent with the classic thunderstorm tripole reviewed in Williams (1989) .
e. Role of the merger process
In their investigation of the cumulus merger process over the Tiwi Islands, Simpson et al. (1993) determined that 90% of the rainfall beneath a typical Hector comes from merged systems as defined in section 2. Using C-pol radar and ALDF data, we extend the Simpson et al. (1993) results to include the role of the merger process in the production of mixed-phase graupel mass and cloud-to-ground lightning in addition to rainfall and echo area.
The results are summarized in Table 1 . Merged convective features in this Hector accounted for 93% of the echo area, 97% of the rainfall, 97% of the mixed phase graupel mass, and 100% of the cloud-to-ground lightning production over the Tiwi Islands, despite representing the minority of convective features (45%). In this event, there were typically more single-cell than merged features despite the fact that merged features accounted for over an order of magnitude more instantaneous echo area in the mean. The average merged convective feature produced approximately 30 times more rainfall and mixed-phase ice mass than the mean single-cell feature. It is important to point out that the increase in rain flux and ice mass cannot be explained simply by the factor of 13 increase in echo area. The merger process actually enhances the production of ice mass and rainfall by a factor of 2-3 above the increase in echo area. This enhancement in the mixed-phase ice mass and rainfall is correlated with the production of moderate cloud-to-ground lightning flash rates (2 min Ϫ1 per merged system).
These tendencies are consistent with past merger results in subtropical (Simpson and Woodley 1971; Simpson et al. 1980) , tropical oceanic (Houze and Cheng 1977; DeMott and Rutledge 1998), midlatitude (Changnon 1976) , and tropical island (Keenan et al. 1990; Simpson et al. 1993) convection. In summary, these studies found that merged systems are larger, taller, more intense, and produce more rainfall than single-cell convection. We extend these results with the additional finding that the merger process significantly enhances the production of mixed-phase ice mass and cloud-toground lightning in addition to the rain flux.
As discussed by Westcott (1984) , many interactions could occur to cause this net effect. At one end of the spectrum, individual vertical drafts may combine to form one dynamic entity. At the other end, cloud masses may spread out and combine with no dynamic or microphysical consequences. In an intermediate scenario, convective cells may be bridged by cloudy air, still maintain their individual identities, yet interact dynamically and microphysically such that their growth, mature, and decay stages are altered from what they would have been had they remained isolated. With wider cloud bases, merged systems favor the development of more intense convection because of mutual protection of the cells from dilution by entrainment of drier environmental air. With less dry entrainment, cells within merged systems can efficiently convert more surfacebased instability to updraft strength and hence more condensate production and hence more rainfall (see Westcott 1984 for a review).
We favor the intermediate scenario. We suggest that a subsequent effect of the upscale development process is an increase in cold pool area and strength. The increased intensity of low-level forcing and increased frequency of low-level interactions of gust fronts and sea breezes plays an important role in the subsequent development of widespread, deep convection (e.g., Carbone et al. 2000) . This process is a positive feedback mechanism that continues until all of the potentially buoyant boundary layer air in the path of the travelling cold pool has been processed.
Lightning flash rates are enhanced by the production of more intense and more frequent deep convective cells by the merger process described above (i.e., more intense updrafts, more cloud liquid water, more ice, more charging, more lightning). Electrification and lightning can also be enhanced in merged systems via an ''ice seeding effect.'' Developing updrafts can merge with a mature complex and penetrate existing cloudy air that already contains high concentrations of ice crystals. The enhanced ice crystal concentrations along the periphery of the buoyant updraft bubble in the merged cell could magnify the charge separation process via the NIC mechanism, which is linearly proportional to the ice crystal concentration (e.g., Takahashi 1978) . This enhanced charging would likely lead to amplified lightning flash rates.
It is quite remarkable that single-cell convective features produced no detectable CG lightning despite the continual presence of 5-20 isolated cells. Analysis of C-pol radar data suggest that most of these features were either entirely contained below the 0ЊC isotherm or were otherwise dominated by warm rain microphysics (e.g., Fig. 3a) . The simultaneous lack of mixed-phase graupel mass and CG lightning is consistent with the crucial role of graupel in the NIC mechanism. Since our electric field and total lightning flash measurements were limited to within about 20 and 40 km, respectively, of the radar, it is quite possible that some of these single-cell features were electrified to the point of producing intracloud lightning. However, all of the single-cell features within 20-40 km of the radar produced little mixed-phase ice mass and generated no significant E-fields or intracloud lightning (cf. Figs. 2a, 10 , 11, and 12 from 0200 to 0245).
On two occasions (around 0345 and 0430), singlecell features produced a significant amount (Ͼ5 ϫ 10 7 kg) of graupel mass in the mixed-phase region. Both of these isolated cells originated along a gust front, explosively developed, and quickly merged with the parent complex before producing any CG lightning. The role of these daughter cells in lightning production cannot be underestimated, however, because their mergers with the parent complex were closely followed by two of the primary peaks in graupel mass and CG lightning production in Hector (cf. Fig. 8 , 0345-0415 and 0430-0500). This process was captured by the field mill as depicted in Fig. 12 . An earlier single cell along the southern coast sea breeze produced no measurable electric fields or lightning from 0200 to 0245. In contrast, an intense cell along a gust front produced significant ice mass and electric fields before merging with the parent echo after 0400.
These results provide some circumstantial support for one of the earliest merger hypotheses developed from observations (Simpson and Woodley 1971; Simpson et al. 1980 ) and tested by numerical models (Tao and Simpson 1984, 1989) , which suggests the critical role of the downdraft and gust front outflows in cumulus merging. It is interesting to speculate on the differences between those single cells that developed vertically into the mixed-phase zone and produced significant ice mass and electric fields and those that did not. The one-dimensional cloud and electricity modeling study of Hector by Petersen (1997) provides insight into this question. Model results revealed great sensitivity of cloud vertical development and subsequent electrification to the strength and duration of low-level forcing applied in the model. Therefore, it is likely that there was insufficient low-level forcing along the Tiwi Islands' sea breeze fronts on 28 November 1995 to produce vertically developed and CG lightning producing single-cell convection. On the other hand, forcing along certain gust fronts appears to have been more than sufficient to cause explosive convective development before merging with the parent cell. The entrainment of dry air into isolated cumulonimbi may have played a role in their inability to develop into the mixed-phase zone and produce lightning. More observational and modeling work is required to determine conclusively the relative roles of decreased dry entrainment and increased low-level forcing in enhancing the production of precipitation and lightning in merged tropical convection.
Summary
As recently stated in MacGorman and Rust (1998), ''the available data [on tropical lightning] are sparse so our understanding should be considered embryonic.'' Indeed, one of the primary objectives of the Maritime Continent Thunderstorm Experiment (MCTEX; Keenan et al. 1994a ) was to ''study cloud electrification mechanisms, especially couplings between ice phase precipitation and the occurrence of strong electric fields and lightning.'' MCTEX provided a unique dataset with which to accomplish this objective.
Using the first C-band polarimetric radar (BMRC C-pol) observations of tropical convection, a network of ALDFs, a flat plate antenna, and a field mill, we have demonstrated that lightning production in tropical island convection is critically linked to ice processes. Although a direct causal relationship cannot be established from remote measurements, we have demonstrated a clear correlation between mixed-phase ice mass and lightning in an intense tropical island thunderstorm.
This was accomplished by refining earlier techniques aimed at correlating the surface area of an arbitrary radar reflectivity threshold at some height above the freezing level (the so-called Larsen area; Larsen and Stansbury 1974) to the occurrence of lightning. As in other recent studies (e.g., Bringi et al. 1997; López and Aubagnac 1997) , we partitioned the reflectivity into rain and ice components using polarimetric radar. The reflectivity associated with ice was then converted into an estimate of ice mass through application of an appropriate Z-M equation. We then integrated the radar-inferred ice mass throughout the entire mixed-phase zone for comparison with the surface electric field measured by a field mill, the total lightning flash rate as estimated by a flat plate antenna, and the cloud-to-ground lightning flash rate and location observed by a network of ALDFs.
An equally important goal of this study was to determine the connection between cloud-to-ground lightning and overall storm morphology. For example, we explored the role of the cumulus merger process on the relationship between precipitation and CG lightning. The results presented herein suggest robust relationships between the merger process, rainfall, mixed phase ice mass, and lightning in tropical island thunderstorms.
Specific scientific findings from the study are as follows.
1) The 28 November 1995 storm was intense and electrically active. When averaged over 1-min intervals, the total lightning flash rates easily exceeded 1 s
Ϫ1
and islandwide CG lightning flash rates reached up to 11 min Ϫ1 . Echo tops penetrated 20 km. The 30-dBZ contour reached up to 18 km in height. Maximum observed reflectivities and rainfall rates exceeded 60 dBZ and 150 mm h Ϫ1 , respectively. 2) No significant surface electric fields or lightning were associated with convection dominated by warm rain microphysical processes, despite substantial reflectivities and rainfall rates. 3) The surface electric field, the total lightning flash rate, and cloud-to-ground lightning were all highly correlated to the radar-inferred mixed-phase ice mass in time and space. The results were consistent with prior findings from investigations of midlatitude, subtropical, and tropical oceanic convection.
(i) The integrated observations are consistent with the noninductive charging (NIC) theory, which relies on collisions between large precipitation-sized ice and smaller ice crystals in the presence of supercooled water. (ii) Cloud-to-ground lightning was associated with the production and subsequent descent of large precipitation-sized ice (graupel and frozen drops) from the Ϫ10Њ to Ϫ20ЊC region. Peaks in the CG lightning flash rate typically lagged peaks in the graupel mass aloft. (iii) Ground stroke locations clustered beneath maxima in radar-inferred mixed-phase ice mass. (iv) Rainfall was correlated to both the CG and total lightning flash rates. (v) The total lightning flash rate and the total ice mass were highly correlated. (vi) Lightning (both CG and IC) and the surface electric field decreased rapidly during the final dissipative stage of Hector. The lack of large precipitation-sized ice and possibly supercooled cloud water during the decay phase rendered the electrical generator ineffective. (vii) The radar and field mill measurements were generally consistent with the classic tripole model. 4) Supercooled raindrops were common in the 0Њ to Ϫ10ЊC region of this tropical island convection. In lightning producing cells, drops were always lofted to the height of the Ϫ10ЊC isotherm (6.75 km) and sometimes as cold as Ϫ20ЊC (8.5 km). Due to the multicell nature of Hector, a continual supply of supercooled rainwater was available in the mixedphase zone throughout the developing and mature phases. This is in contrast to Yuter and Houze (1995) , who found that selected multicell storms in Florida almost completely glaciate early in the storm's life cycle. We speculate that the updrafts in Hector were either more intense and/or tended to ascend in cloud-(and hence ice-) free air more frequently. 5) Frozen drops appear to have played a crucial role in storm kinematics, microphysics, and electrification of Hector. The freezing of supercooled raindrops likely provided (i) an instantaneous and plentiful supply of large precipitation sized ice, (ii) a potential source of secondary ice, and (iii) an enhancement in the updraft via the latent heat of freezing. 6) Rainfall, mixed-phase precipitation, and lightning production were enhanced in merged cloud systems relative to single-cell cumulonimbi. In our study, single-cell cumulonimbi did not produce a single detectable CG lightning flash. Merged cells produced 97% of the rainfall and mixed-phase ice mass and 100% of the CG lightning. The cell merger process enhanced the production of mixed-phase ice mass and rainfall by a factor of 2-3 above the associated increase in low-level echo area. This enhancement in precipitation production was well correlated with the production of moderate cloud-to-ground lightning flash rates (2 min Ϫ1 per merged system on average).
We speculate that wider cloud bases and stronger lowlevel gust front forcing in merged systems promote the efficient conversion of surface-based instability to updraft strength. Increased updraft strength directly results in more condensate production, particularly in the mixed-phase zone, resulting in more ice mass aloft, rainfall, and lightning. Electrification and lightning may also be enhanced in merged systems via an ice seeding effect. In merged systems, a new updraft may rise through cloudy air that already contains high concentrations of ice crystals. Since the NIC mechanism is linearly proportional to ice crystal concentration, charging and hence lightning would be enhanced. three anonymous reviewers improved the clarity of the manuscript. This research was supported by NASA TRMM Grants NAG5-2692 and NAG5-4754, and NSF Grant ATM-9726464.
APPENDIX A
Overview of Procedures for Determining Cloud Electrical Properties
The flat plate-derived total lightning flash rate was computed using a signal-to-noise amplitude ratio technique described in Carey and Rutledge (1996) and is typically compared to radar echo characteristics within 40 km of the instrument. It is important to note that there is no fixed range of operation for the flat plate antenna. The distance across which a field change due to lightning can be detected is a function of the sensitivity of the antenna and the magnitude of the field change itself (e.g., Uman 1987; MacGorman and Rust 1998) . Empirical experience with the flat plate antenna in a variety of convective situations suggests that the maximum range for detecting most flashes is about 40 km (e.g., Rutledge 1996, 1998) . Return strokes were handled by requiring 500 ms to pass before the next signal could be considered a separate flash.
An independent estimate of the total lightning flash rate within about 20 km of the radar was obtained by applying a filtered derivative algorithm (Basseville and Nikiforov 1993) on the 50-Hz surface field mill data. The field mill data were passed through a five-point running mean filter. The temporal derivative of the electric field data was accomplished using a simple finite differencing scheme. If |dE/dt| was greater than 400 V m Ϫ1 s Ϫ1 for at least 0.1 s, then a lightning flash was tabulated. As in the flat plate algorithm, a gap of 0.5 s between E field perturbations was required before the next distinct lightning flash was recorded by the field mill.
This |dE/dt| threshold is well above the instrument noise level determined from inspection of 141 hours of lightning-free field mill data (i.e., no radar echo within 50 km). During the thunderstorm-free periods, over 99.9% of the |dE/dt| was less than 40 V m Ϫ1 s Ϫ1 . In an independent test, the automated algorithm compared favorably to a subjective, visual determination of lightning flash rate.
The field mill estimate of the surface electric field is calibrated and accurate to within 4 V m Ϫ1 . The effective range for detecting the surface electric field and associated lightning transients is approximately 20 km (Uman 1987) . Of course, the actual range over which the surface electric field can be detected is dependent on the sensitivity of the field mill, the strength of the in-cloud E field, and the amount of space charge present in the vicinity of the field mill (e.g., Standler and Winn 1979) . Occasionally, transients from a particularly vigorous lightning flash can be detected in the surface electric field at ranges as distant as 25 km. In this study, we adapt the convention that a positive surface electric field corresponds to an upward directed electric field vector (the so-called foul field characterized by net negative charge aloft).
A linear analytic inversion algorithm (Koshak et al. 2000) was utilized on CG data from the network of four ALDFs to retrieve estimates of return stroke location and time of occurrence. Over the Tiwi Islands, Koshak et al. (2000) estimate lightning location retrieval errors of about 0.1-1 km for a four-station solution and 5-10 km for a three-station solution. For the purpose of this study, the location accuracy is sufficient to assign a particular ground stroke to a given convective cell. The retrieved CG return strokes were combined into cloudto-ground lightning flashes using a temporal and spatial clustering algorithm similar to that described in Cummins et al. (1998) . B1 . Scatterplots of the horizontal reflectivity (Z h , dBZ ) vs (a) the difference reflectivity (Z dp , dB) and (b) the natural logarithm of the specific differential phase (K dp , Њ km Ϫ1 ) in rainfall as derived from scattering simulations described in Carey et al. (2000) . To investigate the effect of large drops on the accuracy of the Z h (Z dp ) and Z h (K dp ) relationships, scatterplots from simulation runs using D max ϭ 4 mm (⅜) and 8 mm (ϩ) are shown. A least squares regression line for each simulation run is plotted (4 mm: thick/light line; 8 mm: narrow/ dark line). The associated regression equation, coefficient of correlation, and standard error for each regression line is given in Table  B1 . D max ϭ 4 mm Z h (Z dp ) ϭ 0.822Z dp ϩ 13.09 Z h (K dp ) ϭ 4.817 ln(K dp ) ϩ 42.11 0.93 0.93 0.966 0.965 D max ϭ 8 mm Z h (Z dp ) ϭ 0.776Z dp ϩ 14.59 Z h (K dp ) ϭ 5.314 ln(K dp ) ϩ 42.57 
Estimation of the Reflectivity Associated with Rain in Mixed-Phase Precipitation
As reviewed in Doviak and Zrnić (1993) , there are two polarimetric radar methods by which the horizontal reflectivity associated with rain can be estimated in mixed-phase precipitation (i.e., a mixture of rain and ice): a power-based method utilizing the difference reflectivity, Z dp ϭ 10 log(Z h Ϫ Z ) (Golestani et al. 1989) , and a phase-based method utilizing the specific differential phase, K dp . Both methods rely on the well-known behavior of equilibrium rain drop shape with size (e.g., Pruppacher and Beard 1970) . Scattering simulations have demonstrated that the horizontal reflectivity associated with rain is linearly proportional to Z dp (Golestani et al. 1989 ) and the natural logarithm of K dp .
These methods assume that precipitation-sized ice particles (i.e., graupel, hail, and frozen drops) tend to be more spherically symmetrical or tumble (e.g., Pruppacher and Klett 1997) . Deviations from the assumption of sphericity are mitigated by the significantly lower dielectric constant of ice (e.g., Seliga and Bringi 1976; Herzegh and Jameson 1992) . As a result, ice particles contribute to the horizontal reflectivity and vertical reflectivity equally (Z h ഠ Z ) such that Z dp would be due solely to the presence of rain. Similarly, the specific differential phase of ice is approximately zero such that K dp is only sensitive to the rain in the radar resolution volume . Therefore, the rain reflectivity in mixed-phase precipitation can be estimated directly from either Z dp or K dp without being significantly biased by the presence of ice. As discussed in appendix C, the horizontal reflectivity associated with ice in mixed-phase precipitation can then be estimated as a residual difference of the observed Z h and estimated Z h (rain).
The Z dp method has been utilized to estimate latent heating rates associated with precipitation Tong et al. 1998) , to investigate microphysical processes within isolated convection (Takahashi et al. 1996) and hailstorms (Meischner et al. 1991; Conway and Zrnić 1993) , and to explore the relationship between precipitation and cloud electrification (Carey and Rutledge 1996; Bringi et al. 1997) . Similarly, Carey and Rutledge (1996, 1998) and López and Aubagnac (1997) have used the K dp method to investigate hail microphysics and the relationship between precipitation and lightning. With the exception of Meischner et al. (1991) , all of the above studies utilized S-band radar observations. Ours is the first study to employ these methods with C-band observations of tropical convection. In addition, there has been little critical intercomparison of the two methods. Therefore, we explored the relative performance of each procedure to estimate the horizontal reflectivity associated with rain in tropical convection at C band using both scattering simulations and C-pol observations taken during MCTEX.
Incomplete gamma size distributions were fit to disdrometer observations of tropical rainfall collected during MCTEX (Keenan et al. 1999, manuscript submitted to J. Appl. Meteor.) . Using these gamma size distributions as input to a scattering model (Carey et al. B2 . Scatterplots of the horizontal reflectivity (Z h , dBZ ) vs (a) the difference reflectivity (Z dp , dB) and (b) the natural logarithm of the specific differential phase (K dp , Њ km Ϫ1 ) obtained from C-pol radar observations of tropical rainfall at 1 km AGL on 28 November 1995 from 0344 to 0433 UTC. A least squares regression line for each empirical dataset is shown along with the associated equation, coefficient of correlation, and the standard error. TABLE B2. Evaluation of the empirical Z h (Z dp ) equation using observed data from other days, times, and altitudes during MCTEX.
Z h (Z dp ) (dBZ ) 
2000)
, we calculated the Z h (Z dp ) and Z h (K dp ) relationships (Table B1) in rain using a least squares regression procedure. Given the relatively small sample volume of disdrometers, the lack of information regarding the distribution of drops Ͼ5.4 mm, the C-pol observations of large Z dr (3-5 dB), and videosonde observations of drops up to 8 mm in diameter during MCTEX , we felt that it was necessary to explore various options to obtain physically realistic parameterizations for D max in the polarimetric scattering calculations. In this study, we choose to conduct a sensitivity study that explored the extremes of 4 mm and 8 mm for D max .
More detailed sensitivity studies of the large drop tail at C band were recently conducted by Zrnic et al. (2000) and Keenan et al. (1999, manuscript submitted to J. Appl. Meteor.) . The resulting Z h (rain) versus Z dp and ln(K dp ) scatterplots as a function of maximum drop size are presented in Figs. B1a and B1b, respectively. The standard error for both Z h (Z dp ) and Z h (K dp ) are about 0.9 dB for D max ϭ 4 mm. When the maximum drop size is increased to 8 mm, the scatter for the Z h (K dp ) relationship increases significantly (Fig. B1a) while the Z h (Z dp ) scatter remains about the same (Fig. B1b) . This is reflected in a factor of 2 increase of the standard error of the Z h (K dp ) estimator when D max is increased from 4 to 8 mm (Table B1 ). In the presence of large drops, the difference reflectivity is clearly superior to the specific differential phase in estimating the horizontal reflectivity associated with rain.
The above simulations did not include the effects of measurement error. As demonstrated in Fig. B1a , Table  B1 , and prior studies (e.g., Tong et al., 1998) , Z h is highly correlated to Z dp in rainfall. Hence, the scatter between Z h and Z dp was not significantly perturbed by the addition of simulated measurement error. In contrast, the addition of 0.4Њ km Ϫ1 of standard measurement error to K dp in the above scattering simulation increases the standard error of the Z h (K dp ) estimator to 2.3 dBZ (3 dBZ) for D max ϭ 4 mm (8 mm). Clearly, Z h (Z dp ) is more immune to measurement error than Z h (K dp ).
To support these simulation results and also to derive unbiased relationships for rain reflectivity in MCTEX convection, we utilized C-pol radar data at 1 km above ground level (AGL) from 0344 to 0433 UTC on 28 November 1995 to derive empirical Z h (Z dp ) and Z h (K dp ) relationships in rainfall using least squares regression. TABLE B3. Evaluation of the empirical Z h (K dp ) equation using observed data from other days, times, and altitudes during MCTEX.
Z h (K dp ) (dBZ ) All grid points that satisfied Z h Ն 35 dBZ, Z dr Ͼ 0.25 dB, and K dp Ͼ 0.4Њ km Ϫ1 were included in the regression sample. The resulting Z h (Z dp ) and Z h (K dp ) scatterplots and regression results are given in Figs. B2a, and B2b, respectively. As expected, Z h is highly correlated to Z dp in rain (e.g., 94% of the variance explained). In contrast, only 41% of the variance in Z h is explained by ln(K dp ) in C-pol observations of rainfall. The standard error (SE) of the empirically derived Z h (K dp ) estimator is a factor of 3 higher than the SE of Z h (Z dp ) (Figs. B2a,b) . The empirically derived Z h (Z dp ) relationship appears to be superior to Z h (K dp ).
To evaluate the stability of these empirically derived Z h estimators in rain at different altitudes, times, and days, three independent test samples were compiled from C-pol radar observations during MCTEX and compared to the regression equations in Figs. B2a,b. The bias and standard error in dB for Z h (Z dp ) and Z h (K dp ) were calculated for each complete test sample (Z h Ն 35 dBZ) and for four separate subsamples every 5 dBZ for each test dataset (Tables B2 and B3 , respectively). The results are consistent among the three different test samples. The standard error for Z h (Z dp ) is consistently around 1 dB, compared to 2-3 dB for Z h (K dp ). The overall sample bias for both estimators was small (Ͻ0.5 dB) in all three tests. However, the bias for Z h (K dp ) in individual subsamples was often very large (2-6 dB). Comparatively, biases in the Z h (Z dp ) subsamples were typically very small (0.2-0.9 dB).
Based on the empirical and simulation results above, we have chosen to use Z dp over K dp to estimate the reflectivity associated with rain in mixed-phase precipitation since the Z h (Z dp ) estimator 1) is less affected by the presence of large drops and measurement error, 2) has a significantly smaller standard error and bias, and 3) provides stable results in rainfall at different heights, times, and days.
APPENDIX C
Equations for Estimating the Rain and Ice Mass from C-Band Polarimetric Radar Data
In this section, we review a method of inverting rain and ice mass from observed C-band polarimetric radar quantities. As derived and evaluated in appendix B above, the difference reflectivity (Z dp , dB) (Golestani et al. 1989 ) is first used to estimate directly the contribution of rain to the horizontal reflectivity (Z h , dBZ): ϭ 0.77Z dp ϩ 14.0 (dBZ). 
where the units of Z H (rain) are in mm 6 m Ϫ3 . Equation (C2) above was developed using a curve fitting procedure on simulated radar data of rain over the Tiwi Islands. In order to create the simulated rainfall data, observations of drop size distributions taken during MCTEX with a disdrometer (Keenan et al. 1999, manuscript submitted to J. Appl. Meteor.) were used as input to the T-matrix scattering model (Barber and Yeh 1975) , assuming C band (5.33 cm), T ϭ 20ЊC, a maximum drop diameter of 8 mm, and an equilibrium drop shape versus size relationship (Green 1975) .
The contribution of ice to the horizontal reflectivity can then be calculated as a residual from 
where Z H (ice) is in mm 6 m Ϫ3 , i is the ice density (kg m Ϫ3 ), a is the air density (kg m Ϫ3 ), and N 0 (m Ϫ4 ) is the intercept parameter of an assumed inverse exponential distribution for ice. For simplicity's sake, we utilize a fixed intercept parameter (N 0 ϭ 4 ϫ 10 6 m Ϫ4 ) that is taken from a bulk-microphysical cloud modeling 7 Equation (C4) was obtained by combining the classic Rayleigh expressions for Z and M. For simplicity, an infinite inverse exponential size distribution was assumed. The analytical solutions for Z and M for an inverse exponential distribution are given in Doviak and Zrnić (1993) . 0.999 24% D4. R(K dp , Z dr ) ϭ 25.00K Z 0.988 Ϫ0.583 dp dr 0.972 8% * Note: Z h in mm 6 m Ϫ3 , Z dr in dB, and K dp in deg km Ϫ1 . ** NSE ϭ [⌺ (R e Ϫ R e Ϫ R t ϩ R t ) 2 /n] 1/2 /R t , where R e is the estimated rain rate, R t is the true rain rate, the overbar indicates a mean, and n is the number of samples. study of tropical convection over the Tiwi Islands (Petersen 1997) . Also for simplicity's sake, we assume a constant ice density of solid ice at 0ЊC (0.917 kg m Ϫ3 ). We utilized (C4) because no suitable Z-M relationship could be identified in the literature for ice within the convective portion of a deep, tropical island thunderstorm.
Clearly, the actual values of N 0 and i likely differed from these simplified assumptions and likely varied in time and space as Hector evolved through its life cycle. Therefore, our estimate of ice mass from Z h (ice) should be considered a gross estimate that is proportional to and is within about a factor of 2 of the actual ice mass (assuming a factor of 2 and 2 variability in N 0 and i , respectively). Since trends in the storm integrated ice mass (e.g., relatively low vs relatively high precipitation ice mass) as they relate to electric field and lightning characteristics are key to the interpretations and conclusions of this study, this approach was deemed to be sufficient for our purposes.
The standard error of the rain reflectivity estimate using the Z dp method (C1) is approximately 1 dB (see appendix B). As a result, we require that Z h Ϫ Z h (rain) Ͼ 1 dB below the melting level in order to accurately estimate the residual Z h (ice). Otherwise, we set Z H (rain) ϭ Z H and Z H (ice) ϭ 0 mm 6 m Ϫ3 . Similarly, if Z h Ϫ Z h (ice) Ͻ 1 dB above the freezing level, then Z H (ice) ϭ Z H and Z H (rain) ϭ 0 mm 6 m Ϫ3 . It is important to note that Z dp can be used to differentiate between rain and ice only if Z h is sufficiently large (i.e., diameter Ն 1 mm) such that rain is characterized by significant oblateness (e.g., Green 1975) . Based on the scattering properties of typical drop size distributions for convection over the Tiwi Islands (Keenan et al. 1999, manuscript submitted to J. Appl. Meteor.) and an equilibrium drop shape versus size relationship (Green 1975) , we have utilized the Z dp rainice partitioning method [(C1)-(C4)] if Z h Ն 35 dBZ. In this case, (C4) would yield the graupel mass, M g , associated primarily with large precipitation-sized ice (e.g., graupel, frozen drops, and large aggregates). If Z h Ͻ 35 dBZ above the Ϫ10ЊC level, we then assume that Z H (ice) ϭ Z H in (C4), which would now be associated primarily with ice crystals and small aggregates, since horizontal reflectivity is proportional to D 6 . In this study, we will consider both the ice mass associated with large ice or graupel mass (Z h Ͼ 35 dBZ, M g ) and the total ice mass (M i ) that includes echoes of all reflectivities. Below the 0ЊC level, we assume that reflectivity echoes characterized by Z h Ͻ 35 dBZ are dominated by rain.
APPENDIX D
C-Band Rain-Rate Equations
Using results of the C-band scattering simulations described in Carey et al. (2000) , we derived rain-rate estimators customized to the drop size distributions (DSDs) observed during MCTEX based on Z h , K dp , Z h / Z dr , and K dp /Z dr using a least squares curve fitting procedure. The corresponding equations for the four radar rainfall estimators, (D1)-(D4), are summarized in Table  D1 along with coefficient of correlations and normalized standard errors of the estimators. The curve-fitting samples for the rainfall estimators utilizing either K dp or Z dr were restricted by the standard error of the measurement, which are 0.25 dB for Z dr and 0.4Њ km Ϫ1 for K dp (Keenan et al. 1998) . Note that the statistical errors listed in Table D1 do not include measurement error.
An optimal polarimetric radar-based rain mass flux algorithm (e.g., Jameson 1991; Chandrasekar et al. 1993 ) over the Tiwi Islands (kg s Ϫ1 ), which utilized the best available estimator of the four rain-rate relationships (D1)-(D4) at each point, was applied after the data was corrected for propagation effects. As shown in Jameson (1991) and Ryzhkov and Zrnić (1995b) and confirmed in our study, the standard errors of the polarimetric radar rain estimators decrease significantly from (D1) to (D4). In other words, the SE[R(Z h )] Ͼ SE[R(K dp )] Ͼ SE[R(Z h , Z dr )] Ͼ SE[R(K dp , Z dr )] as shown in Table D1 . As in Ryzhkov and Zrnić (1995b) , we determined that the statistical error of the R(K dp , Z dr ) estimator is three times less than the SE of the R(Z h , Z dr ) estimator. Therefore, the composite rain mass flux algorithm first used (D4) if possible. The R(K dp , Z dr ) estimator was used at a grid point if K dp Ն 0.4Њ km
Ϫ1
and Z dr Ն 0.25 dB. If K dp Ͻ 0.4Њ km Ϫ1 (or was missing) and Z dr Ն 0.25 dB, then the composite rain mass flux algorithm utilized R(Z h , Z dr ) (D3) at the grid point. In the event that Z dr Ͻ 0.25 dB or was missing and K dp Ն 0.4Њ km Ϫ1 at a grid point, the algorithm used the R(K dp ) estimator (D2). Finally, if none of the above constraints were met, the mass flux algorithm used R(Z h ) (D1) at the point in question. After applying this selection algorithm to the four rain-rate estimators at each point over the entire grid, the selected rain rates (mm h Ϫ1 ) were averaged and then converted from a depth of water over the grid area per unit time to a mass flux (kg s Ϫ1 ) by assuming a density of 1000 kg m Ϫ3 for water.
